The oxidation of the Pd(111) surface was studied by in situ XPS during heating and cooling in 3×10 -3 mbar O 2 . A number of adsorbed/dissolved oxygen species were identified by in situ XPS, such as the 2 dimensional surface oxide (Pd 5 O 4 ), the supersaturated O ads layer, dissolved oxygen and the ( 67 67 × )R12.2° surface structure.
Introduction
Palladium is widely used as a catalyst in a number of oxidation reactions such as complete oxidation of hydrocarbons in automotive exhausts and total methane combustion for gas-powered turbines. In comparison to other metals, palladium shows the highest rate per unit metal surface for methane oxidation [1] . Catalytic combustion is carried out under conditions varying from low temperatures, where PdO is the thermodynamically stable phase, to high temperatures, where Pd metal is stable. PdO is be-lieved to be the more active phase in methane combustion than metallic Pd [2] [3] [4] .
A number of research groups [5] [6] [7] [8] [9] [10] observed that the combustion rates are different when the catalyst is either cooled or heated in the reaction mixture. This unusual kinetic behaviour, referred to as an activity hysteresis, was assigned to the decomposition of PdO to Pd and its reformation [5, 9] . It was suggested that strongly bound chemisorbed oxygen forms on the palladium surface during cooling and that this oxygen species passivates the surface and inhibits further oxidation [9] . Salomonsson et al. [8] explained the hysteresis in the terms of equilibrium in a three-phase system: gas phase O 2 and two solid phases, Pd and PdO x . A more complex four-phase scheme proposed by Wolf et al. [10] includes Pd metal, PdO bulk, surface PdO and chemisorbed oxygen.
The literature review leads to the straightforward conclusion that the catalytic activity of palladium in hydrocarbon oxidation reactions depends on the oxygenpalladium chemistry. The interaction of palladium with oxygen has been studied extensively under low pressure conditions (< 10 -6 mbar), (see e.g. [11] [12] [13] [14] [15] [16] [17] [18] and refs. therein). On the Pd(111) surface, adsorption of O 2 at room temperature (RT) results in a (2×2) O ads structure with a coverage of 0.25 ML [11, 15, 16 ]. An incommensurate two-dimensional surface oxide, Pd 5 O 4 , forms after exposure of the (111) surface to O 2 at 600 K as reported by Lundgren et al. [19] . Diffusion of oxygen into the palladium bulk was supposed to occur at high temperatures [11-13, 15, 17] . Oxygen dissolved in the bulk is suggested to form a Pd-O solid solution [12] and desorbs above 1100 K [11, 15] . Recently, Yudanov et al. [20] computed kinetic barriers for surface-bulk migration of C, N, and O atoms. From their calculations one can estimate that diffusion of oxygen in the bulk becomes appreciable above 900 K.
The pressure difference, often referred to as a pressure gap, prevents to apply the atomic-level knowledge obtained by surface science to real catalytic reactions carried out at atmospheric pressure. However, one should keep in mind that with increasing pressure, the thermodynamic limit changes and new reaction channels can appear while the surface reconstructs. These processes exhibit pressure threshold, which can be in the millibar partial pressure regime. This is relatively "high-pressure" for surface science. Under high yield catalytic conditions, for instance, the oxygen chemical potential to be expected to oscillate around the threshold value for phase formation and the processes involved in kinetically controlled phase transformations are directly relevant for practical catalytic behaviour. In order to understand a real dynamic system, insitu investigations are needed, but the problem is that surface sensitive techniques typically operate only under highvacuum conditions. However, due to a recent breakthrough in instrument development, specific surface science techniques can now be used at elevated pressures. For instance, X-ray photoelectron spectroscopy (XPS) is able to operate at pressures of up to several mbar (see for instance [21] and references therein).
In this paper we represent the first in-situ XPS investigation of oxygen interaction with palladium at elevated pressure. The adsorbed species and the surface chemical states were monitored in situ during oxygen exposure. An in-situ measurement is very crucial for understanding the dynamic response of the oxygen/palladium system. For instance, at 1 mbar O 2 , PdO is thermodynamically stable up to approximately 840 K, but in 10 -6 mbar O 2 the stability limit is only approximately 610 K. This means that in a study of palladium oxidation by surface science techniques at elevated pressure the way of quenching the reaction be-comes critical, but in-situ investigations overcome this problem. Variation of the photon energy allows us to investigate the depth distribution of the oxygen species and the oxidised states of palladium. The information depth is proportional to the inelastic mean free path of the photoelectrons, which depends on their kinetic energy [22] . The photoelectron kinetic energy can be varied by changing the photon energy. A non-destructive depth profiling experiment addressed the questions on oxygen diffusion into the bulk and on bulk palladium oxidation.
Experimental
The experiments were performed at beamline U49/2-PGM2 at BESSY in Berlin. The high-pressure XPS setup is described elsewhere [21] . The binding energy (BE) was calibrated with respect to the Fermi edge. The spectral resolution was 0.1 eV at photon energy of 500 eV.
The sample, a (111)-oriented Pd single crystal, was mounted on a temperature-controlled heating stage. The temperature was measured by a chromel-alumel thermocouple spot-welded onto the side of the sample. The sample was heated by the IR laser from the rear, limiting the heated area strictly to the catalytically active material in the chamber. The sample cleaning procedures consisted of repeated cycles of Ar + sputtering at room and elevated temperatures, annealing at 950 K in UHV, and exposure to O 2 followed by flashing at 950 K for 60 seconds in UHV. The sample cleanness was checked by XPS.
The Pd(111) single crystal sample was positioned inside a high-pressure cell at a distance of 2 mm from the 1 mm aperture, used as the limiter and focal point for the differentially pumped electrostatic lens system transferring the photoelectrons without chromatic aberration to the hemispherical analyser (SPECS). The typical heating/cooling rate was 10 K/min. Surface concentrations of oxygen species were calculated by measuring the ratio between the areas of the O 1s and Pd 3p peaks. The O 1s/Pd 3p area ratio for the 2D oxide phase measured at the photon energy of 650 eV was taken as a calibration value. Oxygen coverage for the 2D oxide phase was assumed to be 0.58 ML [19] . For the O 1s/Pd 3p region measured with the other photon energy during the depth profiling experiments, the O 1s/Pd 3p ratio was corrected on the photon-energy dependence of the atomic subshell photoionization cross sections for O 1s and for Pd 3p [23] . Figure 1 shows the O 1s/Pd3p and Pd 3d 5/2 spectra, which were collected from on the Pd(111) surface heated in 2×10 -3 mbar O 2 to 571 K and to 598 K. The main problem in XPS analysis of the oxygen/palladium system is the overlap between the O 1s and Pd 3p 3/2 peaks. The analysis suggested in the literature [15, 19] is based on the subtraction of the Pd 3p 3/2 peak obtained from the clean Pd(111) surface from the spectra obtained after oxygen exposure. During our in situ experiments, the position of Pd 3p 3/2 peak and its Full Width at Half Maximum (FWHM) were found to change upon heating/cooling in oxygen. In addition a plasmon resonance was excited, with a binding energy (BE) approximately 6 eV higher than the palladium peaks (not shown in Figures) . The intensity of this plasmon and its position also change depending on the oxidised states. Therefore, the subtraction of the Pd 3p 3/2 peak for clean Pd(111) from the spectra taken in situ was not a reli- [24] . The relative ratio of the peaks of the Pd 3d doublet was fixed during the fitting, whereas the other parameters such as intensity, FWHM and peak position were allowed to vary within a reasonable range. Another difference between the curve-fitting procedure used in this paper and those reported before [15, 19] is that both spin-orbital momentum peaks of the Pd 3d doublet were included in the 
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fitting. Therefore, the Pd 3d spectra were fitted by three pairs of components for Pd 3d and one pair for plasmon excitation.
The peak positions and the FWHMs of the oxygen species and the oxidised palladium states are summarised in Table 1 and Table 2 . The oxygen species assignment was based on the available literature data [15, 19] . According to Ref. [19] , the 2D oxide, Pd 5 O 4 , is characterised by O 1s components at approximately 529 eV with a BE shift of 0.75 eV and an intensity ratio close to 1:1. In our case as shown in Table 1 , the O(I) and O(II) components at 528.92 eV and 529.52 eV demonstrated a shift of 0.60 eV, which is close to the theoretically predicted value of 0.51 eV for two different types of oxygen atoms belonging to Pd 5 O 4 [19] . Two oxygen-induced Pd 3d 5/2 components, shifted towards higher BE by 0.62 eV and 1.3 eV with respect to the metal peak, were reported for the 2D oxide [19] . This is in good agreement with our observations (Table 2).
Leisenberger et al. [15] assigned the O 1s peaks at 529.2 eV and 531.2 eV to atomic oxygen and CO adsorbed on Pd(111), respectively. In our experiments the O 1s peak at 531.2 eV was not observed but, on the other hand, the O 1s component at 530.37 eV was detected. Tentatively the O(III) peak at 530.37 eV was assigned to a compressed oxygen adlayer with a coverage beyond 0.25 ML. This assignment will be considered in more detail in the Discussion Section.
Summarising, the O(I) and O(II) components at 528.92 eV and 529.52 eV were assigned to two types of oxygen atoms from the 2D oxide. The two Pd 3d compo-nents at 335.5 eV and 336.24 eV were also attributed to the 2D oxide. Figure 2 ). Two oxygeninduced components, Pd ox1 and Pd ox2 , were distinguished in the Pd 3d spectra (the right panel in Figure 2 ). These observations indicate the 2D oxide forming at relatively low temperatures. It should be noted that under low pressure conditions the Pd 5 O 4 phase appears above 500 K [25] . The oxygen coverage assigned to the 2D oxide was estimated to be approximately 0.37 ML; however according to the literature [19] , the local coverage of Pd 5 O 4 should be 0.58 ML. This might reflect a state of the surface, in which a fraction of the surface was covered by the 2D oxide and a residual fraction was covered by a rather dense O ads layer (coverage > 0. 25 Figure 3 ). These changes were associated with growth of the 2D oxide phase from the dense chemisorbed adlayer. The coverage of the 2D oxide was estimated to be 0.58 ML. The shape of the Pd 3d signal changed only slightly upon heating to 600 K ( Figure  2 ). The Pd ox2 state was suppressed in the beginning but then the ratio between Pd ox2 /Pd ox1 reached a value of 0.27 at 571 K. Interestingly, the total contribution of the oxygeninduced Pd components remained constant up to approximately 700 K (Figure 4 ) as expected for a surface oxide. The presence of O ads did not significantly alter the fitting of the Pd 3d spectra because the O ads -induced components are expected to overlap with the 2D-oxide-originated peaks. We used only two high BE components in fitting the Pd 3d region and, therefore, the O ads -induced peak might contribute to the Pd ox1 state. The O 1s/Pd 3p and Pd 3d spectra observed around 600 K were very similar to those reported by Lundgren et al. [19] for the two-dimensional oxide, Pd 5 O 4 . The in situ XPS experiment showed that the 2D oxide formed completely upon heating the Pd(111) surface in 2×10 -3 mbar O 2 at approximately 600 K. Again the 2D oxide was characterised by the O(I) and O(II) components with a ratio of approximately 1:1 and by the Pd ox1 and Pd ox2 components with a ratio of approximately 4:1. Figure 4 ). The 2D oxide started to decompose between 655 K and 700 K, which was manifested by the sharp decrease of the amount of O(I)/O(II) species and of the Pd ox1 and Pd ox2 components. It is quite remarkable that the O 1s peak was observed after Pd 5 O 4 decomposition. A substantial oxygen signal was detected even at 925 K, whereas no oxidised states of palladium were observed at this temperature. Also, as the 2D oxide decomposes, the O(I) peak shifts slightly towards high BE to 528.98 eV. The highly stable oxygen species cannot be due to surface segregation of impurities such as Si, which forms stable oxides. Survey spectra were recorded frequently, which did not show evidence of any impurities. Moreover, the oxygen signal became zero when oxygen was pumped out and this would not be the case for SiO 2 segregation. The highly stable oxygen species can be associated with oxygen migration and dissolution into the palladium bulk. Both theoretical [20, 26] and experimental investigations [15] suggested that the rate of oxygen migration in the bulk becomes appreciable at this temperature, due to the high activation barrier for diffusion through the first atomic layer. Indeed, the observed oxygen peak cannot be explained by the presence of chemisorbed oxygen or of the 2D oxide or of Pd phase. The temperature was well above the desorption temperature of chemisorbed oxygen, which was reported to be approximately 750 K [15] . Ac-cording to the study by Zheng et al [16] , PdO should decompose at even lower temperatures than chemisorbed oxygen desorbs. Yudanov et al. [20] suggested a progressive population of bulk or interstitial binding sites by oxygen from an existing oxygen surface coverage. From the viewpoint of statistical thermodynamics, at high temperatures the balance between surface and bulk populations should be changed in favour of bulk binding sites.
Heating in oxygen
Since oxygen atoms incorporated into the 2D oxide, O(I), and dissolved oxygen species are spectroscopically undistinguishable, the addition of a component for the dissolved oxygen species in the curve-fitting procedure was not reasonable. Anyway, careful analysis of the in situ XPS data allowed us to follow oxygen dissolution as described in the Discussion Section.
Summarising the in situ XPS measurements in 2×10 -3 mbar O 2 during heating the Pd(111) surface, one can conclude: Decomposition of the 2D oxide is followed by oxygen dissolution into the bulk. The O 1s core level peak at 528.98 eV was observed even at 925 K. The dissolved oxygen is of atomic nature likely without forming a strong interaction with the Pd-d band giving rise to a solid solution scheme with a metallic state and oxygen. The oxygen-palladium interaction might be different from an oxide nature where a substantial charge transfers from Pd to oxygen. Figure 5 shows the sets of O 1s/Pd 3p and Pd 3d 5/2 core level spectra obtained in situ during cooling the Pd(111) surface in 2×10 -3 mbar O 2 . The cooling experiment was performed immediately after heating the Pd(111) single crystal in oxygen. The O 1s/Pd 3p spectrum obtained at 923 K exhibits a single oxygen peak, which was assigned to dissolved oxygen species. The metallic component was mainly detected in the Pd 3d region at 913 K and almost no oxygen-induced components were observed.
Cooling in oxygen
Cooling to 850 K resulted in no changes in the O 1s/Pd 3p and Pd 3d spectra. However, further cooling led to the growth of the O(I) and O(II) components along with the Pd ox1 peak at 335.44 eV. Very remarkable findings are that, on the one hand, the oxidised state of palladium is clearly different from the Pd 5 O 4 phase formed during heating and, on the other hand, it appeared at higher temperature than the temperature of Pd 5 O 4 oxide decomposition. The hysteresis behaviour in oxidation is evident in Figure It is composed of uniform oxide clusters, which may, in contrast to Pd 5 O 4 , contain only equivalent Pd atoms. In our case, oxygen coverage for the new phase was estimated to be 0.48 ML. This value is slightly lower than the corresponding number for the Pd 5 O 4 phase. These facts are in good agreement with data reported in Ref. [25] .
For a better representation, the core level spectra for Pd 5 O 4 , new hexagonal ( 67 67 × )R12.2° phase and dissolved oxygen are shown in Figure 6 . The main results of the in situ XPS measurements during cooling in 2×10 -3 mbar O 2 are: 1. The oxidised state of palladium during cooling appeared at higher temperatures than the temperature of the 2D oxide decomposition. 2. The oxide phase formed during cooling was not identical to the 2D oxide and may be attributed to a recently discovered hexagonal surface oxide phase [25] .
In situ depth profiling
In order to verify the surface nature of the 2D oxide, O 1s/Pd3p 3/2 and Pd 3d spectra were taken with different photon energies as shown in Figure 7 . The spectra were obtained in situ in 2×10 -3 mbar O 2 at 603 K. An increased photon energy results in an increased kinetic energy of photoelectrons and consequently the information depth increases. Thus, the spectra obtained at low photon energy are more surface sensitive, whereas the spectra obtained at high photon energy contain essentially bulk contribution. Figure 8 shows the ratio between O 1s and Pd 3p 3/2 peaks as a function of information depth. It is remarkable that the O 1s/Pd 3p ratio and the concentration of the oxidised Pd states dropped off with increasing information depth (Figure 8) . These facts allow us to draw the straightforward conclusion that the 2D oxide is located at the surface. With respect to the Pd 3d peaks, it should be mentioned that the metallic component at 334.88 eV slightly shifted to 335.00 eV when the photon energy was varied from 460 eV to 910 eV. This reflects the increase of the contribution of the bulk component with increase of the information depth. Indeed, Pd(111) was estimated to have 0.28 eV surface core-level shift, which is the core-level difference between an atom at the surface and in the bulk [27] . Due to the small value of the surface core-level shift it is not worth to include additional components representing the surface or the bulk. On the other hand, the surface corelevel shift manifested itself by the high BE shift of the metallic component when the contribution of the bulk increased. The same high BE shift of the Pd 3d peaks was observed for the clean Pd(111) surface when the photon energy was varied.
The dissolved oxygen species was also studied by varying the photon energy. The O 1s/Pd3p core level spectra were obtained in situ in 2×10 -3 mbar O 2 at 793 K as shown in Figure 9 . The main contribution to the O 1s signal was the peak at 528.99 eV, which had been assigned to dissolved oxygen. The oxygen contribution compared to the Pd 3p 3/2 peak did not change with increasing information depth (the right panel in Figure 9 ). This fact unambiguously points that at elevated temperatures oxygen dissolves in the palladium bulk. The dissolved oxygen species is characterised by the O 1s core level peak at 528.99 eV.
Discussion
The experimental results presented above demonstrate that the interaction of palladium and oxygen passes several distinct steps and depends on the sample prehistory. Voogt et al. [14] did not observe the surface oxide at room temperature in 10 -5 mbar O 2 on Pd(111) and on palladium foil, but that the surface oxygen coverage increased slowly up to 1 ML resulting in a (1×1) LEED structure, which probably was indeed due to very disordered surface oxide. These authors [14] also proposed three stages in the interaction of oxygen with Pd(111) at elevated temperatures (>470 K) and pressures above 10 -6 mbar. The first stage is the dissociative adsorption of oxygen on the surface resulting in a coverage of 0.25 ML, corresponding to the p(2×2) chemisorbed oxygen structure. During the second stage oxygen atoms diffuse into the surface structure with a local coverage close to 0.5 ML. The third stage, nucleation and growth of the surface oxide with coverage of 0.5 ML, was considered to be a phase transition without significant change in oxygen coverage. Recently, a combined TPD and STM study by Gabasch et al. [25] showed that in the 10 -6 to 10 -5 mbar range at 673 K, Pd 5 Our present experiments were performed at an O 2 pressure of 2×10 -3 mbar, considerably higher than used in Refs. [14, 25] and, therefore, Stage 1 was quickly surpassed. Our observations rather started at Stage 2, however, our interpretation of this stage is different from that proposed in [14] . The DFT calculations [26] predicted a 0.5 ML oxygen adlayer as a "precursor" of the surface oxide. In support of this prediction, we observed the O 1s peak, O(III), at 530.38 eV, which was assigned to the compressed O ads layer with an equilibrium coverage estimated to be approximately 0.5 ML. An alternative explanation of the O(III) peak could be a disordered surface oxide, as reported in Ref. [25] . According to Ref. [25] , the disordered surface oxide might be a precursor for the 2D oxide. On the other hand, the disordered oxide covers the surface only partially at around 500 K and is limited to the step edges. Therefore, although none of the apparent possibilities -disordered surface oxide or the compressed O ads layer, or even their coexistence -can be ruled out on the basis of the presented experimental data, we rather prefer to assign the O(III) peak to a compressed O ads layer. Such a situation has been considered in related DFT calculations [19] , showing that the binding energy of O ads in a 0.5 ML p(2x1) adlayer is not very much lower than of oxygen in the surface oxide. At low temperatures such adlayers may represent "metastable" states due to kinetically limited mass transport. Klötzer et al. [28] reported that the formation of the surface oxide is blocked below 423K. Moreover, the temperature of 423K was just the kinetic limit where the TPD feature of the oxide started to appear [28] . Surface oxide nucleation starts only if a sufficient supersaturation beyond 0.25 ML is achieved [25] . These facts are consistent with in situ XPS data where the co-existence of the 2D oxide and the supersaturated oxygen structure was found. It is reasonable to assume that under high pressure conditions the dynamic adsorption-desorption equilibrium might be shifted from the (2×2) structure towards a denser O ads layer. According to XPS data (Figure 2) , the denser O ads layer co-exists with the 2D oxide in 2×10 -3 mbar O 2 at 423 K.
The assignment of the O(III) peak with the BE of 530.38 eV to the denser O ads layer looks reasonable from the following point of view. The p(2×2) O ads layer with a coverage of 0.25 ML is characterised by the O 1s peak at 529.2 eV [15] and CO ads shows the O 1s peak at 531.2 eV [15] . The difference demonstrates that the oxygen state in CO ads is more "electrophilic" than chemisorbed oxygen, which draws electron density from the Pd metal. Increase of the oxygen coverage beyond 0.25 ML should result in reduced electron transfer from metal to oxygen and, therefore, the dense O ads layer with coverage 0.5 ML could be characterised by the peak at the lower BE of 530.38 eV. The O 1s peak at 530.38 eV is not a feature of CO ads : CO ads readily reacts with oxygen below 425 K [15] .
During Stage 3, the contribution of the supersaturated O ads layer decreased with temperature and dropped down to zero above 654 K, whereas the signal from the 2D oxide grew and reached a maximum between 600 K and 654 K (Figure 2 and Figure 3 ). However, the weak O(III) peak was detected even at 654 K. This might reflect "quasiequilibrium" between the 2D oxide phase and the supersaturated O ads layer. The depth profiling by variation of the photon energy (Figure 7 and Figure 8 ) confirmed the surface nature of the 2D oxide. Both O(I) and O(II) were equally losing intensity with increasing photon energy andin other words -with increasing the information depth. The oxygen-induced component in the Pd 3d signal showed the same behaviour. The consistency in the behaviour of all peaks, O(I) and O(II) alone with Pd ox1 and Pd ox2 , also supports (i) the peaks assignment to the 2D oxide and, indirectly, (ii) the viability of our spectra fitting procedure.
The 2D oxide started to decompose above 654 K. Remarkably, the ratio between the O(I) and O(II) components was changing during 2D oxide decomposition. The O(I) component was shifting towards slightly higher BE up to 528.98 eV. Moreover, the O(I) peak was a major contributor to the O 1s signal above 780 K. The O 1s peak at 528.98 eV was quite intensive even at 923 K. This temperature is well above the desorption temperature of the chemisorbed oxygen species [15, 16, 28] and much higher than the temperature of PdO decomposition [16] . Therefore we assigned the peak at 528.98 eV to the oxygen atoms dissolved in the palladium bulk. This assignment was supported by the depth profiling by varying photon energy ( Figure 9 ). With increasing information depth the peak of dissolved oxygen species lost intensity relative to Pd 3p 3/2 . This was in contrast with the sharp decrease of the O 1s/Pd 3p ratio for the 2D oxide. The 2D oxide peaks decreased threefold when the photon energy changed from 650 eV to 1100 eV and the information depth decreased from 1.2 nm to 2.8 nm. The existence of a concentration gradient of dissolved oxygen perpendicular to the surface cannot be ruled out; however, the gradient changes should occur deeper than the XPS information depth. Diffusion into the bulk is temperature-dependent and this might result in a progressively steeper concentration gradient at lower temperatures. The diffusion limit of oxygen transportation both through the surface and inside the metal bulk is extremely important for understanding the palladium-oxygen system [20] . Experimentally, palladium oxidation at high pressure (>10 mbar) at 600 K was found to be controlled by diffusion of oxygen into the palladium bulk [29] .
No essential contribution of the oxygen-induced components was found in the Pd 3d spectra when the dissolved oxygen species in equivalent of 0.2 ML was present in the bulk. This might rather be reasonable for a solid solution of oxygen in the palladium bulk. First, the oxygen concentration in the solid solution is lower than that in any oxide phase. So, the concentration of oxygen-induced Pd might be just below the detection limit. The concentration of dissolved oxygen was estimated to be less than 0.1 ML per palladium layer. Second, electron density transfer from the oxygen-neighbour palladium atom to oxygen might be compensated through electron density donation from the surrounding palladium atoms, which do not neighbour to oxygen. This might be easier to achieve for the solid solution. It should be noted that at low concentration of the dissolved oxygen species the transfer of electron density from the non-oxygen-bonded palladium might also be facilitated.
The O(I) peak of the 2D oxide has a BE very close to the peak of the dissolved oxygen species and, therefore, the addition of the component for the dissolved oxygen to the curve-fitting procedure was not reasonable. However, the quantitative analysis of oxygen dissolution can be extracted from the in situ XPS data. One main assumption needs to be made that the ratio between the O(I) and O(II) components of the 2D oxide is constant. In good agreement with [19] , our data revealed a ratio of approximately 1:1 at the temperatures below Pd 5 O 4 decomposition. Therefore, larger contribution of the O(I) component at the high temperatures can be assigned to the dissolved oxygen species. The corrected concentration of the 2D oxide and the dissolved oxygen species is represented in Figure 10 . The correction was done assuming a 1:1 ratio between O(I) and O(II) components and the excess of oxygen was assigned to the dissolved oxygen species. Remarkably, the concentration of dissolved oxygen grew with decomposition of the 2D oxide. Likely, while the 2D oxide decomposes, a new reaction channel for oxygen is opened: diffusion into the palladium bulk. Two explanations can be proposed. First, the 2D oxide serves as a "preservation" layer and prevents oxygen diffusion in the bulk. In the second place, temperature activation might be required to facilitate diffusion. Figure 10 reveals another interesting effect: during the cooling process surface oxidised states of palladium appeared at higher temperatures than the temperature of the 2D decomposition. This phenomenon is clearly assigned to a redox hysteresis and the hysteresis window is indicated in Figure 4 and Figure 10 . It reveals a previously unknown aspect of the well-known Pd redox hysteresis. According to Refs. [5, 9] , the decomposition of PdO to Pd and its re-formation give rise to a hysteresis, as palladium oxide heated in oxygen atmosphere decomposes at higher temperatures than it forms back during cooling. The authors of Refs. [5, 9] supposed that strongly bound chemisorbed oxygen is formed on the palladium surface during cooling and this oxygen species passivates the surface and inhibits further oxidation. Our finding allows us to shed some new light on this hypothesis. Previously, it has been shown [25] that the Pd 5 O 4 surface oxide phase is formed at a critical oxygen chemical potential in the gas phase, but also that the formation of the hexagonal ( 67 67 × )R12.2° surface oxide phase with lower oxygen content is favoured at a somewhat higher temperature. Our data show that the high-temperature surface oxide phase observed during cooling is different from the 2D oxide observed during heating. Indeed, the oxygen coverage of the new phase is approximately 0.48ML, which reasonably agrees with the 0.4 ML reported by Gabasch et al. [25] , whereas the 2D oxide coverage is 0.58 ML in Ref. [19] . The 2D oxide is characterized by two Pd 3d 5/2 components at 335.5 eV and 336. 24 [30] . One important factor, which should be taken into account, is that very likely the chemical potential of the palladium surface and of the bulk might change due to oxygen dissolution. As we observed during heating/cooling cycles of the Pd(111) surface in 0.4 mbar O 2 , the PdO phase could appear or not depending on the pre-history of the sample, in other words depending on dissolved species. Dissolved species can alter the surface properties and hence stabilise one phase and/or destabilise another. Therefore, dissolved oxygen species can be one of the factors determining the "pre-history" of the sample.
Summary
A Pd(111) single crystal was used for an XPS study of palladium oxidation in situ during heating and cooling in 3×10 -3 mbar O 2 . It is apparent from this study that it is possible to follow the mechanism of palladium oxidation by in situ XPS. This study demonstrates the importance of in situ measurements for a detailed characterization of the surface and bulk species/oxidised states formed during the interaction between palladium and oxygen. The main advantage of the in situ XPS technique is the opportunity to monitor the oxygen/palladium interaction without quenching the reaction.
The in situ XPS technique allows us to trace the development of the surface oxide, chemisorbed and other oxygen species. The 2D oxide and the supersaturated O ads layer were successfully identified. The supersaturated O ads layer was characterized by the O 1s core level peak at 530.37 eV. The 2D oxide, Pd 5 O 4 , was characterized by two O 1s components at 528.92 eV and 529.52 eV and by two oxygen-induced Pd 3d 5/2 components at 335.5 eV and 336.24 eV. The depth profiling by photon energy variation confirmed the surface nature of the 2D oxide. Dissolution of oxygen at elevated temperatures was identified by the O 1s core level peak at 528.98 eV. The "bulk" nature of the dissolved oxygen species was also verified by depth profiling. A new oxide phase, most likely ( 67 67 × )R12.2° [25] , was detected during cooling in 3×10 -3 mbar O 2 . The new oxide phase shows only the Pd 3d 5/2 component at 335.45 eV.
Based on the in situ XPS data, the following scenario is proposed: 1. Exposure of the Pd(111) single crystal to 3×10 -3 mbar O 2 at 423 K led to appearance of the 2D oxide phase, which was in equilibrium with the supersaturated O ads layer. The coverage of the supersaturated O ads layer was supposed to be 0.5 ML. 2. Heating in 3×10 -3 mbar O 2 resulted in disappearance of the supersaturated O ads layer whereas the fraction of the surface covered with the 2D oxide grew. The surface was completely covered with 2D oxide between 598 K and 654 K. 3. Upon further heating in oxygen the 2D oxide started to decompose and almost disappeared above 717 K. Diffusion of oxygen in the palladium bulk occurred at these temperatures. Substantial amounts of oxygen were detected even at 923 K. 4 . Surprisingly, during the cooling ramp in 3×10 -3 mbar O 2 , the oxidised Pd states appeared at higher temperature than the decomposition temperature of the 2D oxide. The surface oxidised states exhibited an inverse hysteresis. An additional oxide phase, probably ( 67 67 × )R12.2°, was detected during cooling.
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